Ceramic pot filters (CPFs) are an effective means of household water treatment, but the characterization of CPF lifetimes is ongoing. This paper describes a lifetime field study in Guatemala which was made possible by a collaboration between researchers, CPF-using households, and local non-governmental organizations (NGOs). Disinfection data were collected periodically for two years using field coliform enumeration kits as were flow rate data with the assistance of NGO staff.
and others. Although field investigations are optimum in understanding filter use, acceptance, and behavior by users in real household conditions, they are more difficult logistically to execute and are not as abundant in the literature as laboratory studies. According to Brown & Sobsey () , knowledge of CPF effectiveness over long periods in the field is an essential condition for successful scale-up and responsible investment, but it has not been sufficiently studied. Lantagne () described a three-week field investigation conducted in Nicaragua about the performance of
CPFs distributed as an emergency response after Hurricane
Mitch in October 1998. The study included water quality monitoring and a survey of filter users. It was concluded that less than 53% of the filters removed Escherichia coli and post-treatment contamination as a result of water storage in unclean receptacles was a major issue. It was also observed that monitoring visits to families using the filters are strongly correlated with continued use of the filters. A field study in Cambodia (Brown et per month. The study also found that the log 10 reduction value (LRV) of E. coli did not appear to have a strong correlation with time in use. Another field study on the effectiveness of CPFs in Cambodia (Roberts ) included water quality testing and user surveys and concluded that 99% of CPFs produced water meeting the WHO 'low risk' requirements and users experienced a reduction in the rate of waterborne diseases. A retrospective study of filters distributed in Cambodia described by Brown & Sobsey () found that the geometric mean reduction of E. coli and total coliforms in filtered water was 98% and 94%, respectively. The study also found a 46% reduction of diarrheal disease incidence by CPF users. Additional work has shown E. coli reduction by a mean of 96% and diarrheal disease incidence reductions of 49% during the course of an 18week field study in Cambodia (Brown et al. ) . Lastly, a four-month field study in Sri Lanka (Casanova et al. ) found widely variable flow rates and concluded that water production is a limiting factor of CPFs; however, this did not seem to be negatively perceived by the users.
The main CPF manufacturing company in Guatemala, which is located near the city of Antigua, has been in operation for more than 20 years, and the company owners report that more than 250,000 filters have been distributed throughout the country through 2015. The filters made by this company are the ICAITI/PFP type, described by Lantagne et al. (), and consist of a frustum-shaped (i.e., flower-pot shaped) porous clay filtering unit placed in a plastic bucket equipped with a lid and a spigot. The filtering unit is made of a mixture of clay, sawdust, and water. The mixture is pressed into pot-shaped molds, air-cured, fired in a kiln, and finally coated with colloidal silver. Untreated water is poured into the filtering unit, and treated water is collected in the bucket where it is available for use via the spigot. According to the manufacturer's instructions, the fil- 
METHODS
The study was carried out in four rural villages in the depart- The water production capacity of CPFs was characterized approximately every two months through falling head flow rate tests by employees of local NGOs who received training during S&T field visits. The plastic container was emptied, the filtering unit was filled, and after 1 hour the treated water was measured using a 2 L graduated cylinder.
In addition, the date, time, and volume of water poured in the filter were recorded on a log sheet by the users.
In order to evaluate the potential adoption and acceptance of the filters, evaluations of the filter performance were obtained by interviewing CPF users during Missouri S&T visits at the beginning and end of the program. Free and informed consent of the participants or their legal representatives was obtained, and the study protocol was approved by the Campus Institutional Review Board at Missouri S&T, MO, USA, on April 3, 2014. A community meeting was initially organized to obtain a general idea of the users' satisfaction, and then the families participating in the study were interviewed individually. The data The total number of monitoring activities conducted in each village is shown in Table 3 .
RESULTS AND DISCUSSION
The aggregate data collected during the field visits are summarized in Figure 2 . Samples that did not have any colonies were assumed to have a concentration equal to one-half of the detection limit which varied according to the volume of water sampled. The detection limit for a 1 mL sample was 100 CFU/100 mL, 33 CFU/100 mL for a 3 mL sample, and 20 CFU/100 mL for 5 mL samples. It is noted that these detection limits make these results inappropriate for comparison to drinking water standards, but the results can be used in a comparative analysis. A total of 37 samples were analyzed for total coliforms presence, 24 for E. coli and 23 for turbidity. Such small numbers of samples cannot provide the basis for a definitive characterization of CPF performance, but analysis of the results can provide an indication of general behavior.
As seen in Figure 2 , the CPF use resulted in a reduction of all the measured parameters. E. coli was not found in any of the effluent samples, and there were no coliforms (total) detected in 57% of the effluent samples. In addition, more than 75% of the effluent samples present turbidity levels lower than one nephelometric turbidity unit (NTU).
Microbiological removal effectiveness
Historically, total coliform testing has been performed to characterize the potential for a water supply to support the growth of fecal pathogens even if the direct indicator What is the family name? Who is the principal care keeper for the household and CPF?
How many people use the water from the filter in your household? How many children and adults?
Where do you source the water that you pour in the filter?
Do you use your filter every day? How many times per day do you refill the filter?
Does the filter provide enough water for your family? If not, how much more water is needed?
Do you clean the filter and if so, how?
How long have you been using CPFs/ this filter?
Since using the filter have you noticed an improvement in your family's health?
What do you like and dislike about the filter?
What do other families think about the filter?
Do you think the filter is needed?
Since using the filters what has changed in your daily activities? results were below detection limits, and those results were not included in Figure 3 . household drinking-water treatment defined by WHO () indicate that two is the minimum LRV of bacteria for a technology to be considered protective. The dashed line in Figure 2 at LRV ¼ 2 shows that on average the CPFs used during the study were able to achieve the recommended bacterial reduction during the first 14 months of usage.
Inspection

Water production capacity
Flow rate results for the two different production years of () stated that a production process should be considered reliable if the quality control flow rate range at the factory is 1 to 2 L h À1 , while CMWG () established an acceptable range between 1 and 3.5 L h À1 . The company that manufactured the CPFs used in this study accepts filters with flow rates between 1 and 2 L h À1 . The PY14 CPFs initially met the manufacturer's requirements, exceeded the 2 L h À1 threshold around the second month of use, and then returned to the expected range prior to dropping below 1 L h À1 at the end of the study. The PY15 filters presented more consistent values and maintained a flow rate between 1 and 2 L h À1 during the study. On average, the water production of CPFs decreased below 1 L h À1 after approximately 10 months of use.
User acceptance
A total of 25 families with an average of 5.6 people per household participated in the interviews. Other than visually verifying that the CPFs were in use (by examining the brim for complete saturation), there was no mechanism for verifying the veracity of participants' responses. The main water sources were reported to be rainwater collected from rooftops and stored in tanks for 28% of the families, surface water (streams) for 18%, and shallow wells (defined here as 10 m in depth) for 54%. All the families participating in the study were using the filter 
Daily water production
The total volume of treated water was recorded daily during the first two months of use by five families using the PY14 filters and three families using the PY15 filters. The PY14 filters produced an average volume of 12.3 L day À1 and the PY15 filters yielded an average volume of 10.0 L day À1 .
Schweitzer et al. () presented two hydraulic models, for paraboloid-and frustum-shaped CPFs that can be used to predict water level in the filter, instantaneous volumetric flow rate, and cumulative volume of water produced. These models permit prediction of how variables such as filter shape or frequency of filling impact the water production capacity. The model for the frustum-shaped CPF was adapted to the geometry of the filters used in this study and the hydraulic conductivity was calculated for each production year based on the average of the first two flow rate measurements which correspond approximately to the first two months of use. For PY14, the average flow rate was 2.43 L h À1 and for PY15 the average flow rate was 1.7 L h À1 . Figure 5 shows the predicted daily volume of water produced by the two production years considering four different filling frequencies.
The daily filling frequencies reported by the users were an average of 2.5 times per day for the PY14 filters and 2.0 times per day for the PY15 filters. As shown in Figure 5 , the volume of water predicted by the model (around 20 L day À1 for PY14 filters and 15 L day À1 for PY15 filters) is higher than the actual volume reported by filter users. This finding could possibly be a result of the users not filling the filters at regular time intervals. However, the model suggests that even though the water production capacity depends on the filter flow rate, the amount of available treated water could be significantly increased with frequent and constant filling intervals.
CONCLUSIONS
The relatively small number of water quality samples collected during this study and the relatively high detection limits associated with those results mean that the results should be interpreted as general characterizations of CPF performance as opposed to the more definitive results that could be generated by a laboratory study. The field data show that the CPFs used in this study had the ability to provide good quality water by treating highly contaminated waters with total coliform LRVs greater than 2. A negative correlation between filter disinfection efficacy and time in use was observed, and after 14 months disinfection efficacy dropped below the WHO requirements for bacterial removal. This could be a concern because consumers would not readily be aware of the increased risk. However, further studies with a larger number of samples and more accurate microbiological testing procedures should be conducted to confirm these results.
The CPF flow rates were maintained in the recommended range of 1 to 2 L h À1 during the first 10 months of use. The water production capacity was reported to be sufficient for most of the users during the entire 24 months of the study, and modeling results show that the production could be increased by filling the filters more frequently.
In general, the filters were well accepted by users who appreciated the esthetic quality of the treated water, reported lower incidences of health problems especially among children, and expressed their preference for CPFs over other treatments such as boiling or chlorinating drinking water. Unlike previous experiences with CPFs in the region, locals who participated in the field investigation have continued to use the filters for 3.5 years. It is postulated that the presence of an ongoing monitoring program increases the acceptance rate and yields an improvement in use and maintenance practices.
Field data are more difficult to collect from a logistical perspective relative to laboratory data. This study successfully illustrates how a synergistic collaboration between university researchers, local NGOs, and water consumers can generate data that can be used to characterize the real-life performance of CPFs in a field setting. There is potential that this type of collaborative effort could also include governmental organizations and CPF manufacturers in the future, and thus provide even more detailed information regarding the health conditions of target and control groups during future studies.
